The use of photovoltaic (PV) 
INTRODUCTION
The use of Photovoltaic (PV) generation forecasts in economic load dispatching control (EDC), which includes the unit commitment (UC) of conventional power plants, is essential to ensure the economic performance and the reliability of power systems. We developed a method for forecasting solar irradiance and evaluated the EDC/UC using a PV generation forecast by numerical simulations [T. in previous studies. Energy surplus, which leads to PV energy suppression, cannot be reduced to zero even if the PV power output is correctly forecasted, although the energy shortfall can be reduced to zero. There are limitations to the approach of reducing the energy surplus only by improving forecast accuracy. It is necessary to consider the other countermeasures such as output suppression of base-load power plants, combinational optimization of UC, and utilization of battery energy storage systems (BESSs). Thus we also developed a day-ahead charge and discharge scheduling method for BESSs based on interval analysis [M. Koike, et al., 2014] using the prediction intervals of PV generation forecast; this interval forecast considers forecast errors and gives not only the forecasted output but also the possible range of the actual output with a certain confidence. In this study, we evaluate the proposed scheduling method in terms of the power system supply and demand operation. We conducted numerical simulations on a power system model of the Kanto area of Japan, using actual load demand and solar irradiance data.
FORECAST METHOD FOR SOLAR IRRADIANCE
We previously proposed a forecasting method that is based on support vector regression (SVR), which generates forecasts by use of a support vector machine (SVM) . The SVR is a method used to estimate the optimized non-linear forecast expression that minimizes occurrences of errors exceeding a certain threshold value. Equation (1) is used to represent the forecast.
* exp , where
The weight vectors a i and a i * , as well as the bias b are determined by training the SVM on the previously reported data. In our model, k is a kernel function, and γ is an optimization parameter. The input patterns x m (where m is an integer) include the ambient temperature and relative humidity, as well as cloud amount at low, medium, and high altitudes obtained by a meso-scale model developed by the Japan Meteorological Agency. The hourly forecast of the solar irradiance data for a given day is obtained at noon of the previous day from the meteorological forecast data.
Based on this forecast method, hourly forecasts of power generation can be obtained. In addition to a single forecast value, we also provide uncertainty information about the forecast by means of prediction intervals calculated using a method that is based on past forecast errors, a similarity concept regarding the generation of the forecasts, and the application of maximum likelihood estimation. We validated the application of this method to obtain prediction intervals for PV power forecasts for single PV systems as well as for regional forecasts . Figure 1 shows the prediction intervals along with the day-ahead hourly ranges of the power generation. For example, a range of X% means that the actual output will be in this range with a probability of X%.
Fig. 1 Prediction intervals of the PV generation
forecast.
A METHOD FOR CALCULATING THE GENERATION SCHEDULE OF CONVENTIONAL POWER PLANTS AND THE CHARGE/DISCHARGE SCHEDULE OF THE BESS

Scheduling Method Based on Interval Analysis
A large-scale BESS is assumed to be used in power system operations in this study. Determining both the day-ahead UC and the day-ahead charge/discharge schedule is difficult when simultaneously considering the PV generation forecast errors, the starting/stopping schedule of the thermal generators, and the charge/discharge of the BESS. Thus the generation schedule of the conventional power plants and the charge/discharge schedule are determined in advance of the day-ahead UC. By "generation schedule," we are referring to the one-day schedule of the target total outputs of the nuclear, hydroelectric and thermal power plants. The target output Vʹ j at time j is given by (2), where we consider the balance between supply and demand, which includes the charging/discharging of the BESS. ' ,
Here, Pʹ D,j is the forecasted load demand at time j; Pʹ PV,j is the forecasted PV power output at time j; Pʹ suppress,j is the scheduled suppressed PV power at time j; and Pʹ BESS,j , where the discharge power is assumed to have a positive value, is the scheduled charge/discharge power of the BESS at time j.
A method for scheduling the generation and charging/discharging by quadratic programming based on interval analysis, where the uncertainties of the PV forecast errors are treated as prediction intervals, was proposed in the previous study [M. Koike, et al., 2014] . The objective function is set to minimize (3).
Here, T is the total number of time periods (T = 24), and ΔT is the unit time (ΔT = 1 h). The deterministic variables are Vʹ j , Pʹ suppress,j , and Pʹ BESS,j . The constraint conditions include the balance between supply and demand presented in (2), the inverter capacity of the BESS, the battery capacity of the BESS, and the initial and termination conditions of the BESS.
The constraint of the inverter capacity of the BESS is given by (4).
where C INV is the inverter capacity of the BESS.
The constraint of the battery capacity of the BESS is given by (5).
where C BAT is the battery capacity of the BESS. Eʹ BESS,j , which is defined as (6), is the stored energy of the BESS.
For simplicity, the charge/discharge loss is not considered. The battery capacity is five times the inverter capacity (C BAT = 5･C INV ) in this study.
The constraint of the initial and termination condition is given by (7).
That is, the stored energy is initially 50% of the battery capacity, and it varies throughout the day but always returns to 50% of the battery capacity by the end of the day. Figure 2 shows an illustrative example representing the intervals and pathways of 1) the net load, which is the load demand obtained by taking the PV power output (Pʹ D,j -Pʹ PV,j ), 2) the scheduled target of generation (Vʹ ,j ), and 3) the scheduled charge/discharge power including the effect of the PV suppressed power (Pʹ BESS,j -Pʹ suppress,j ).
Utilization of the Monotonicity of the Solution
The interval in the net load results from the uncertainty of the PV power output, which is identical to the prediction interval of the PV generation forecast. As shown in Fig. 2 (a) , there are an endless number of pathways in the intervals of the net load, the power generation, and the charge/discharge power. Thus to find the upper pathway of the power generation, which is necessary to reduce the outages as much as possible, is difficult in an optimization problem, since the problem must be solved with all the pathways. Even to find an approximated solution is impractical in terms of the required amount of calculation. In general, it is not easy to analytically prove that the optimality of the power generation and the charge/discharge of BESSs have the monotonicity with respect to the magnitude of the net load, and this property depends on the optimization problem to be considered. However, the optimization problem to be studied here has been proved in [M. Koike, et al., 2014] to have monotonicity, which implies that the upper and lower bound of the optimal power generation are determined only by the upper and lower pathways of the net load predicted (on the other hand, the upper and lower bound of the charge/discharge of BESSs are determined by certain pathways being different from the upper/lower pathways of the net load predicted). Therefore, as shown in Fig. 2 (b) , we consider here to solve the problem for the upper pathway of the net load predicted. The proposed method has the advantage of reducing the calculation cost for scheduling of the generation and charge/discharge. 
Re-scheduling of Charging/Discharging
If the actual net load is out of the intervals due to PV generation forecast with a large forecast error, the balance of supply and demand cannot be maintained as far as the BESS charges or discharges according to the day-ahead schedule. Thus we also consider the case where the charging/discharging of the BESS is rescheduled with a more accurate forecast a few hours after determination of the day-ahead UC; this case will be presented in Section 5.1.
OPERATION OF THERMAL POWER PLANTS
UC
In this study, we assume that the output of the nuclear power plants is constant and that of the hydroelectric power plants is at maximum with the spinning reserve as the load frequency control (LFC) capacity. The central load dispatching center determines the hourly UC of the thermal generators once a day on the basis of the day-ahead forecast of the load demand, the lower bound of the forecasted PV power output, and the scheduled charge/discharge power of the BESS (Pʹ BESS,j ) obtained by the proposed method in Section 3 considering the upper pathway of the net load predicted because it is the first priority to reduce the outages. So the UC of the thermal generators is determined by dynamic programming in which the objective function is set to minimize (8) [T. .
Here, N is the total number of thermal generators, u i,j is the state of thermal generator i at time j (where u i,j = 1 indicates that it is operating and u i,j = 0 indicates that it is stopped), Pʹ i,j is the "scheduled" output of thermal generator i at time j, and SC i is the start-up cost of thermal generator i. FC i (Pʹ i,j ) , expressed in units of JPY/h, is the fuel cost function of thermal generator i at time j, and is given by (9).
A i , B i , and C i are the coefficients of the fuel cost function. In this study, we assume that the thermal generators are started in the optimum order based on their respective fuel efficiencies, i.e., in the order of increasing fuel cost at the rated power output. In addition, the start-up cost is assumed to be independent of how long the generator had been in a stopped state. For simplicity, the cost of stopping the generator is not considered.
The constraint conditions include the balance between supply and demand, the upper and lower limits of the output of the generators, and the LFC capacity. The reserve capability constraint is not considered since the UC is determined on the basis of the upper pathway of the net load as described in Section 3. The constraint set by the balance between supply and demand is given by (10). ' , The constraints of the upper and lower limits of the thermal generators are given by (11).
P MAX,i and P MIN,i respectively represent the rated power output and the minimum power output of thermal generator i, and C LFC,i is the LFC capacity of thermal generator i. All thermal generators are assumed to participate in the LFC of the power system. The upper limit of thermal generator i is smaller than P MAX,i by C LFC,i and the lower limit is larger than P MIN,i by C LFC,i because Pʹ i,j does not include the component in response to the LFC signal in (8)-(10). C LFC,i is set to 5% of P MAX,i .
The constraint of the LFC capacity in the power system is given by (12).
The left-hand side is the total LFC capacity of the connected thermal generators and hydro-generators in the power system. C H is the total LFC capacity of the hydroelectric power plants. R D , which is the ratio of the LFC capacity for load fluctuation to the total load demand, is set to 2%. The LFC capacity for the shortterm fluctuation of the PV power output is not considered.
Optimal Load Dispatch
In the real-time operation of the power system, the central load dispatching center determines the optimal load dispatch for thermal generators, minimizing their hourly fuel cost on the basis of the real-time load demand and PV power output as shown in (13) [T. .
P i,j is the "actual" output of thermal generator i at time j during real-time operation. The constraint conditions include the balance between supply and demand, the upper and lower limits of the output of generators, and the number of connected generators determined by the UC. These constraint conditions can be described by replacing Pʹ i,j , Pʹ D,j , Pʹ PV,j , and Pʹ suppress,j with P i,j , P D,j (the actual load demand at time j), P PV,j , (the actual PV power output at time j) and P suppress,j (the actual suppressed PV power at time j), respectively, in (10) and (11). In this study, the actual charge/discharge power P BESS,j is identical to the scheduled charge/discharge power Pʹ BESS,j .
PV Output Suppression
Here, we assume that the number of connected generators determined in the UC remains constant in real-time load dispatch. Therefore, in real-time load dispatch, a power surplus occurs if outputs less than the minimum outputs are requested of the connected generators. We assume that, after the day-ahead UC, the central load dispatching center each hour 1) calculates the maximum value of the PV output that does not cause a surplus and 2) sends that value to the PV generation systems as a threshold value. The threshold value P PV_U,j at time j is given by (14).
If the actual PV power output P PV,j at time j is larger than the threshold value P PV_U,j , it is suppressed during real-time operation. Power surpluses are avoided by suppression of PV generation. The suppressed PV power P suppress,j , which is given by (15), is considered to have a positive value.
Outage
In real-time load dispatch, an outage occurs if outputs greater than the maximum outputs are requested of the connected generators. The outages are caused by the forecast errors. The power shortfall P outage,j at time j (that is, the amount of power that is demanded in excess of what is able to be supplied) is given by (16).
We consider both the amount of suppressed PV power and the power shortfall as endogenous variables in the optimization problem. Table I shows the power plant specification data. The output of the nuclear power plants is assumed to be 100% of the connected capacity, whereas that of the hydroelectric power plants is assumed to be 95%, with the LFC capacity accounting for the remaining 5%. A total of 94 thermal generators participate in the UC. The specifications of the thermal generators used in the simulation were presented in [T. . The data on load demand in May 2010 in the Kanto area of Japan [TEPCO] are used in the simulation. In this study, the load demand can be forecasted with high accuracy. To evaluate the impact of the PV generation forecast more conveniently, the actual and forecast load demands are assumed to be identical (Pʹ D,j = P D,j ). Data representing the solar irradiance averaged across six sites in May 2010 in the Kanto area of Japan [JMSBC] are used in the simulation. The day-ahead forecasted irradiance that includes prediction intervals is obtained by the method presented in Section 2 on the basis of measurements at the six sites. Prediction intervals with the confidence of 80% are used for the simulation. The lower bound of the interval is used as a forecasted value, which is represented as Pʹ PV,j in (2) and (10). The installed PV capacity is 30 GW. The PV power output is calculated by multiplying the normalized solar irradiance by the system output coefficient (which is 0.8 in this study) and the rated capacity. The inverter capacity of the BESS is considered as a parameter. Table. 1 Power plant specification data.
SIMULATION
Simulation Condition
Simulations are implemented for three cases. In Case 1, the generation schedule, the charge/discharge schedule, and the UC are determined based on the day-ahead prediction interval of the PV generation forecast created at a time of 12 h during the previous day. In Case 2, after the respective schedules and the UC are determined in the previous day in the same way as in Case 1, the charge/discharge schedule is determined again based on a more accurate forecast during the given day at time of 0 h. In Case 2, the PV power output during the given day is assumed to be perfectly forecasted during that day at a time of 0 h. In Case 3, the respective schedules and the UC are determined based on the forecasted PV power output during the previous day at a time of 12 h, which is assumed to be perfectly forecasted during the previous day at a time of 12 h. In all cases, the number of operating generators determined in the day-ahead UC cannot be changed in the given-day operation. Figure 3 uses a flow diagram to represent the three cases for the power system supply and demand scheduling and operation.
Simulation Results
Figures 4-6 respectively show the total shortfall between the demand and the energy supplied, the total suppressed PV energy, and the total operational cost of the thermal power plants in the simulation period. In Case 1, the energy shortfall when using the BESS is larger than that without the BESS in Fig. 4 . The larger the inverter capacity of the BESS, the larger is the amount of energy shortfall in Case 1. This is because the BESS does not discharge during the appropriate period due to PV generation forecast errors. The impact of the errors becomes large for a larger value of the charge/discharge power of the BESS, which corresponds to the inverter capacity. In Case 2, the energy shortfall when using the BESS is smaller than that without the BESS. This indicates that the BESSs Generation and charge/discharge schedule using prediction interval (previous day)
Optimal load dispatch (given day) UC using prediction interval (previous day)
Case 2 Case 1 Charge/discharge re-schedule using perfect forecast (current day)
Generation and charge/discharge schedule using perfect forecast (previous day)
Case 3 UC using perfect forecast (previous day) are effectively utilized to manage the power system supply and demand operation when the charging and discharging can be re-scheduled with a more accurate forecast even after determining the UC. In Case 3, there is no apparent energy shortfall. In all of the cases, both the suppressed PV energy and the operational cost become small for a large value of the inverter capacity in Figs. 5 and 6, since the PV energy can be more efficiently used for BESSs of a larger capacity. In addition, both of these parameters are smaller in Case 2 than those in Case 1. Figure 7 shows the total output of the thermal power plants from May 1st to 2nd in Case 2. The actual output, the maximum output, and the minimum output are plotted in Fig. 7 . The output rapidly increases around a time of 16 h when the PV power output decreases. However, this trend seems to be alleviated under a BESS with a larger inverter capacity, which indicates that the BESS enables leveling of the net load. The output also changes by a large amount at a time of 24 h because the charge/discharge schedule, the generation schedule, and the UC are all set for a given day from times of 0 h to 24 h. In order to consider the continuousness of the number of generators in operation, it is necessary to determine the supply and demand schedule for a period of a few days to a week.
CONCLUSION
In this study, we evaluated the operation of power systems with the charge/discharge schedule of the BESS determined using the prediction intervals of the PV generation forecast. The results showed that the energy shortfall, the PV suppressed energy, and the operational cost can all be reduced by using the BESS if the charging/discharging is re-scheduled based on a perfect forecast made at a time of 0 h in the given day. However, the energy shortfall becomes large as far as the BESS charges and discharges according to the dayahead schedule determined based on the prediction interval. In future work, we will apply few-hour-ahead forecasts to the charge/discharge re-scheduling of the BESS. 
